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The mode of action of antimicrobial peptides (AMPs) in disrupting cell membrane bilayers is of fundamental importance in understanding the
efficiency of different AMPs, which is crucial to design antibiotics with improved properties. Recent developments in the field of sum frequency
generation (SFG) vibrational spectroscopy have made it a powerful and unique biophysical technique in investigating the interactions between
AMPs and a single substrate supported planar lipid bilayer. We will review some of the recent progress in applying SFG to study membrane lipid
bilayers and discuss how SFG can provide novel information such as real-time bilayer structure change and AMP orientation during AMP–lipid
bilayer interactions in a very biologically relevant manner. Several examples of applying SFG to monitor such interactions between AMPs and a
dipalmitoyl phosphatidylglycerol (DPPG) bilayer are presented. Different modes of actions are observed for melittin, tachyplesin I, D-magainin 2,
MSI-843, and a synthetic antibacterial oligomer, demonstrating that SFG is very effective in the study of AMPs and AMP–lipid bilayer interactions.
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Antimicrobial peptides designed by nature have been
ubiquitously used by all types of living organisms to fend off
microbial invasion. In recent years their possible application as a
therapeutic antibiotic has attracted increasingly wider attention
[1,2]. Therefore elucidating antimicrobial peptides' mode of
action has become a research focus for many groups [3–6]. It is
believed that antimicrobial peptides can differentiate mamma-
lian cell membranes from bacteria cell membranes through
several mechanisms and thus selectively kill bacteria without
harming host cells. Their killing mechanism usually acts by
disrupting cell membranes rather than by targeting specific
receptors inside a cell or on a cell surface. Avariety of analytical
techniques have been employed to probe the interactions
between model peptides and model membrane bilayers [7–
13]. Several interaction models such as carpet/detergent-like,
toroidal pore, and barrel stave have been proposed and reviewed.
[5,6,14–17]. However, ambiguities still abound in the molecular
mechanism involved in this interaction process, largely due to
the equivocal interpretation of results obtained from different
experimental techniques including X-ray crystallography,
NMR, neutron reflection, calorimetry, etc., and correspondingly
diverse sample preparations including monolayers, bilayers,
multilayers and vesicles, etc.
With the rapid progress in molecular dynamics simulation,
it is becoming feasible for researchers to gain molecular
insight regarding AMP–lipid interactions from simulations
[18–21]. Due to restraints of computing power, the systems
used in most of such simulation studies typically include a
single lipid bilayer and a few peptides/proteins. To confirm
such simulated results experimentally or to provide experi-
mental evidence to facilitate the simulation, an equally well-
defined experimental system based on a single lipid bilayer
needs to be established. Most non-surface sensitive or bulk
analytical techniques require multiple layers of lipids or
exogenous labeling groups that are not readily simulatable.
Many bioanalytical activity assays can provide valuable
information regarding AMPs' efficiency phenomenologically,
but they are not able to interpret such efficiency at the
molecular level. Moreover, it is very challenging to monitor
the kinetics during the entire AMP–lipid interactions and
follow time-dependent behavior of AMP and lipid structural
changes using traditional structure determination techniques
such as NMR and X-ray crystallography. Therefore, we
believe that it is necessary to develop a complementary
biophysical technique which is sensitive enough to probe the
interactions between a single lipid bilayer and associated
submonolayer peptides, and informative enough to capture
both chemical and structural change, and versatile enough to
carry out all these in situ in real time.The purpose of this paper is to introduce sum frequency
generation (SFG) vibrational spectroscopy to the study of
interactions between a single supported lipid bilayer and other
biomolecules, especially AMPs. We believe that this SFG
research examines a well-defined sample system and the results
obtained from the vibrational spectra can be related to both the
lipid bilayer integrity and the peptide structure at the molecular
level. Due to the simplicity of the system under study, results can
be easily correlated to those obtained using other sample systems
and those from molecular dynamic simulations. Below we will
first give a short overview of how SFG can be used to study
lipids and associated biomolecules. And then we will summarize
the recent SFG results acquired in our lab in the investigation of
interactions between lipid bilayers and melittin, tachyplesin I,
magainin 2, MSI843, a synthetic antibiotic, and gramicidin.
2. Theoretical background of SFG
Since its introduction into surface science, SFG's submono-
layer surface specificity has been exploited to study a variety of
surface related phenomena. Details about SFG research and
progress can be found in many excellent review papers [22–31].
However, the application of SFG to the field of membrane
bilayers and membrane-related proteins/peptides is still at an
early stage. As with other vibrational spectroscopy techniques
such as infrared spectroscopy and Raman spectroscopy, SFG is
sensitive to both chemical information (what functional groups
are present) and structural information (conformation/orienta-
tion of different chemical species). In addition, as a second-
order nonlinear optical process, SFG offers more versatility
compared to traditional linear spectroscopy. Below, we will
briefly discuss several characteristic features of SFG and
compare them to the more commonly used surface sensitive
attenuated total reflection Fourier transform infrared spectros-
copy (ATR-FTIR) technique, which is widely employed in
studying AMPs, in an effort to familiarize readers with the
specialty of SFG.
2.1. Selection rule of SFG
The SFG process can be conveniently viewed as a
combination of infrared (IR) absorbance and Raman scattering
as shown in the energy diagram in Fig. 1. Typically, two pulsed
laser beams, one with a tunable frequency in the mid-IR range
(represented by the red line), one with a fixed frequency in the
visible frequency range (represented by the green line), are
overlapped spatially and temporally on the sample surface (or
interface) of interest. The IR photon and visible photon combine
at the surface and generate a polarization in the medium which
in turn produces a third photon at the sum frequency of the
incoming IR and visible photons (represented by the blue line).
Fig. 1. SFG experimental geometry and energy diagram. (A) Total reflection geometry employed for all experiments described in this paper. A bilayer is immersed in a
small reservoir with an approximate volume of 1.8 mL. To achieve the desired concentration of a certain peptide, 100 μL of that peptide solution of appropriate
concentration is injected into the water in the reservoir. Stirring is applied to ensure a homogeneous distribution of peptides and eliminate the possible diffusion limit
that may affect the interaction kinetics study. Inset: peptides interact with the bilayer in a carpet-like mechanism (B) Simplified energy level diagram of vibrational sum
frequency generation process. See text for more details.
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incident fields and the second order nonlinear susceptibility of
the medium:
t
P
ð2Þ ¼ vð2Þ : Etðx1Þ E
tðx2Þ:
The SFG signal is then detected and plotted as a function
of the incident IR wavenumbers. When there is a resonanceFig. 2. Deuterating a leaflet can lead to dramatically different SFG spectra of a SiO2-s
and the fitted results (solid line) from DPPG/dDPPG, dDPPG/DPPG and DPPG/DPP
shown in A2, B2, and C2. Red and green peaks have opposite phases, which d
dramatically different results. The last row depicts the setup and relative orientationexcited by the IR beam, the SFG signal will be enhanced
and this would correspond to a peak in a spectrum, which
very much resembles a typical IR absorbance spectrum.
However, as a second order nonlinear optical process, SFG
signals are only allowed in media without inversion
symmetry. This special selection rule confers to SFG a
superb surface/interface sensitivity because at surfaces/
interfaces inversion symmetry is broken whereas bulkupported DPPG/DPPG bilayer. Spectra A1, B1, C1 are the SFG spectra (squares)
G bilayers, respectively. The corresponding component peaks used in fitting are
etermine the interference (constructive/destructive) patterns that provide such
of SFG active molecules involved. See text for more details.
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thus SFG forbidden. It is important to notice that SFG is
unique in this regard compared to many other surface-
sensitive techniques whose surface specificity originates
from the limited penetration depth of either the probe or
the signal beam (ATR-FTIR is one good example since its
sensitivity derives from the small penetration depth of the
evanescent wave).
Fig. 2 is a somewhat ideal example derived from real
experimental results. We hope to use this as a tutorial example
to illustrate how SFG spectra can be interpreted in an intuitive
way for readers who have no previous experience with SFG.
Three supported dipalmitoyl phosphatidylglycerol (DPPG)
bilayers with selectively deuterated leaflets are constructed on
SiO2 substrates, so that sample A is DPPG (proximal leaflet)/
deuterated DPPG (dDPPG, distal leaflet), sample B is dDPPG/
DPPG and sample C is DPPG/DPPG. If we were to use ATR-
FTIR to characterize these three samples in the C–H stretching
region, which is most widely used for lipid bilayer structure
research, it would be easy to imagine that exactly the same
spectral features might be observed from A, B, and C, while the
absorbance of C will be twice that of A and B, assuming the
FTIR spectrometer is sensitive enough to detect the weak C–H
absorbance from a single bilayer and distinguish such signals
from the overwhelming O–H stretching signal from the bulk
water molecules. In contrast to linear optical spectroscopy, SFG
can detect remarkable differences in the spectra between all
three samples. Applying the above SFG selection rationale to a
lipid bilayer, it is clear that a bilayer with perfectly symmetric
leaflets should not generate any SFG signal in the C–H
stretching region. The weak spectra features between
2800 cm−1 and 3000 cm−1 that can be observed in Fig. 2C
are C–H stretching signals from the bilayer because of
imperfect SFG signal cancellation. They are orders of
magnitude weaker compared to the C–H signals in Fig. 2A
and B. The broad feature spanning the entire spectrum in Fig.
2C is from the water O–H stretching mode and will be
discussed later. Certainly such an SFG-forbidden system (in the
case of perfect cancellation) would be of little interest to us.
However, this situation can be changed by deuterating one
leaflet of the bilayer and therefore breaking the inversion
symmetry. Simply deuterating the distal or the proximal leaflet
of a bilayer will lead to drastically altered spectral features as
shown in Fig. 2A and B, respectively. With isotopic asymmetry,
very strong peaks from acyl chain terminal methyl groups from
the proximal (Fig. 2A) and the distal (Fig. 2B) hydrogenated
leaflet dominate the spectra.
2.2. Spectral fitting of SFG
We also wish to use Fig. 2 to elaborate on a few other
important aspects of SFG in addition to its selection rule.
Similar to FTIR, the peak positions reveal the molecular
identity of the signal generating functional groups. The three
major peaks observed in the fitting results, using the equation
shown below, in Fig. 2A and B between 2800 and 3000 cm−1
are from the following vibrational modes: the methylsymmetric stretching (2875 cm−1), Fermi resonance
(2940 cm−1) and methyl asymmetric stretching (2965 cm−1).
The broad peaks between 3000 cm−1 and 3600 cm−1 are from
the O–H stretching modes of water molecules ordered at the
bilayer surface. The peak centered at 3200 cm−1 is from ice-
like and the one centered at 3400 cm−1 is from liquid-like
water [32,33]. In contrast to FTIR, the SFG signals do not
simply linearly combine to give the envelope peak that is
experimentally observed. Instead, the SFG signal is deter-
mined by the following equation:
I xð Þ / jvnr þX
q
Aq
x xq þ iCq j2;
where I stands for the SFG intensity, χnr arises from the
nonresonant background contribution, and Aq, ωq, and Γq are
the strength, resonant frequency, and damping coefficient of
the vibrational mode q. At any frequency/wavenumber, all the
vibrational modes being excited would contribute to the signal
intensity just as the case for FTIR. However, the resultant
intensity is proportional to the square of the sum of all the
modes and the nonresonant background and that is the reason
that the component peaks do not apparently add up to give the
envelope spectra. Therefore, to quantitatively analyze the SFG
spectra, the spectra have to be fitted using the above equation.
In addition to the widely studied C–H and O–H stretching
region, SFG has already been shown to be able to study many
other biologically important functional groups including
C_O, amide I, SO3, N–H, etc. [34–36]. Deuterated lipids'
C–D stretching mode can be found between 2000 cm−1 and
∼2250 cm−1 and such peaks have been observed from dDPPG
and will be included in the discussion below.
2.3. Sensitivity and coherent nature of SFG
With a single lipid bilayer as the sample, many analytical
techniques will simply fail to detect any signal from the system
because of the small amount of the sample molecules. However,
the strong signal shown above makes SFG a well-suited
technique for studying such an ordered molecular system. SFG
has been routinely used to study monolayers and usually the
more ordered the structure is, the stronger signal it will generate.
Therefore, SFG is very sensitive to the molecular packing of an
ordered lipid layer. Unlike FTIR-ATR where disordering affects
the spectra by shifting the CH2 symmetric stretching mode
slightly (by a few wavenumbers), SFG spectra will experience
remarkable intensity change. Generally, methylene group
signals will be enhanced by an increased amount of gauche
conformations while the methyl group signals will change due
to the variation in second order susceptibility χ(2), which is a
function of the tilt angle of the methyl principal axis versus the
surface normal.
SFG signals from chemical moieties of interest contain not
only intensity information, but also phase information. Phase
can be regarded as the directionality of a functional group (or a
vibrational mode) as illustrated in the arrows in the cartoon in
Fig. 2. Even though the chemical species in Fig. 2A and B are
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and that of OH vibrational modes can be changed from
constructive to destructive. By taking advantage of this, we can
deduce the absolute orientation information for the signal
generating functional groups. It is worth noting that metal
surfaces have been widely used as substrates for SFG studies
and they generally generate a very strong nonresonant
background. The interference between such strong nonresonant
backgrounds and detected signals of the surfaces under study
can be employed for orientation analysis of surface functional
groups [37].
In ATR-FTIR, the order parameter is very often used in
describing the orientation of the functional groups or secondary
structure axis. With three beams involved, SFG offers more
versatility in studying the orientation of molecules. Polarization
combination such as ssp (s polarized sum frequency beam, s
polarized visible beam and p polarized IR beam), ppp and sps
are very often employed together to determine the orientation
distribution for azimuthally symmetric surfaces. If we say the
order parameter is the only measurable generated from FTIR
measurements, SFG can yield two independent measurables for
azimuthally symmetric surfaces (most of biological samples fall
into this category), and more for surfaces without azimuthal
symmetry. Therefore, it will be feasible for SFG to determine
not only the average orientation, but also the orientation
distribution.
2.4. Recent applications of SFG in the study of membrane
bilayers
Here, we want to briefly summarize related SFG studies on
membrane bilayers and we apologize for any possible
omissions. SFG was applied to study a Langmuir film, which
bears great structural resemblance to lipid bilayers, as early as
1987 [38]. Yet, the first application of SFG to a biologically
relevant bilayer system was only carried out in 1999 [39]. A
hybrid bilayer based on a thiol-SAM proximal leaflet was
fabricated using vesicle fusion on a gold substrate. Using a
deuterated thiol SAM, the formation of a hybrid bilayer was
confirmed and the kinetics of the bilayer formation character-
ized. More recently, SFG has been employed to study the
interactions between a hybrid bilayer and a fibroblast growth
factor FGF1 that is known to gain access to extracellular space
as a response to cell stress [40]. The superb sensitivity of SFG is
fully illustrated by detecting the conformational deformation of
a DSPG hybrid bilayer at a solution concentration as low as
1 nM, which is well below the minimum inhibitory concentra-Fig. 3. Different proposed models describing the transmembrane pores formed by
Copyright 2002 Biophysical Society. A model of the carpet-like mechanism is depition of most known antimicrobial peptides. The Conboy group
has recently published a series of papers, describing in detail
how SFG can be employed to investigate physical properties
such as the phase transition temperature and flip-flop rate of a
single planar supported lipid bilayer by using asymmetrically
isotopically labeled leaflets [41–44]. For the first time, they
measured the trans-membrane flip-flop rate of a lipid bilayer
without having to use fluorescently labeled or spin-labeled
lipids. Their results clearly indicate the suitability of using SFG
to study a supported lipid bilayer system. One of the most
interesting observations from their results is that the transmem-
brane migration of phosphatidylcholines can be quite facile
under physiological condition even without protein mediation
[42,44]. We believe this provides a very clear example of how a
new technique can revolutionize the conventional textbook
concept, in this case, that transmembrane movement of lipids is
very slow in the absence of flipase or other flip-flop promoting
enzymes. A lipid monolayer at the air/water interface is also
widely used as a model system and research articles have been
published in which SFG has been utilized to investigate the
interactions between a lipid monolayer and polymyxin B [45],
and the structure of gramidicin in a lipid monolayer [46]. The
structure of other lipid model systems including monolayers and
mulilayers have also been studied in different environments by
several other groups but will not be summarized here due to the
scope of this paper [47–62]. Our lab has been involved in the
study of interfacial protein structures [36,63–71]. And recently,
we have devoted considerable effort in elucidating the structure
of lipid bilayers, their associated biomolecules, and interactions
between bilayers and associated biomolecules using SFG. The
findings we have obtained will be summarized in the results and
discussion part of this article.
2.5. Knowledge obtainable from SFG studies on AMP–bilayer
interactions
Different modes of AMP action on lipid bilayers will result
in different lipid bilayer assembly structures and time-
dependent structural changes (Fig. 3 and Fig. 1 inset), which
in turn will correspond to different SFG spectral features. By
comparing experimentally observed SFG spectra to theoreti-
cally envisioned ones, we can infer interaction mechanisms
between AMPs and lipids. For example, in the carpet model,
only a decrease in the distal leaflet signal is expected; for the
barrel-stave model, a decrease in SFG spectral intensity (related
to number density) can be expected while the spectral features
(related to orientation) should remain mostly unchanged; for theAMPs. (A) Barrel stave model, (B) toroidal pore. Reprinted from Ref. [16].
cted in the inset of Fig. 1.
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change and the induced flip-flop may lead to an inversion
symmetry for signal cancellation [72–74].
The conformation and orientation of the AMPs associated
with a bilayer can be studied using the amide I bands from the
AMPs. We have recently demonstrated that SFG, just as FTIR,
can distinguish between different secondary structures [68,75].
For the same reason as discussed in Section 2.3, more detailed
structural information can be obtained with SFG. Using an α-
helix as an example, orientation in Fig. 3A and B has the long
axis of the helix oriented perpendicular to the bilayer surface,
while the helical axis lies in the plane of bilayer in the inset of
Fig. 1A. Such different orientations can result in different
intensities of the AMP amide I bands and also the ratio of
intensities when different polarization combinations are used to
collect SFG spectra. As we will see later, the capability to obtain
two independent measurements by SFG is of great importance
for real biological samples where the functional groups may be
distributed into more than one population, with different
orientations, such as parallel to and perpendicular to the
membrane bilayer.
3. Experimental methods
3.1. Materials
Hydrogenated and deuterated 1,2-dipalmitoyl-(D62)-sn-glycero-3-phospho-
glycerol (DPPG and dDPPG) are purchased from Avanti Polar Lipids
(Alabaster, AL). D-magainin 2, melittin, and gramicidin are ordered from
Sigma-Aldrich (St. Louis, MO). Tachyplesin I is from Becham (King of Prussia,
PA). MSI-843 is synthesized by the Genaera Corporation and provided by the
Ramamoorthy Group at the University of Michigan. All chemicals are used as
received. To prepare stock solutions, peptides are dissolved in ultrapure water
(resistance > 18.2 mΩ) and diluted to an appropriate concentration. Gramicidin
is dissolved in chloroform. Fused silica and CaF2 prisms were purchased from
ALTOS, Inc. (Trabuco Canyon, CA).
3.2. SFG setup
The details of our SFG setup have been described in detail in our previous
publications [76,77]. Briefly, a tunable IR laser beam (20 ps pulse duration,
50 μJ/pulse, 0.5 mm beam diameter) and a green laser beam of fixed wavelength
532 nm (20 ps pulse duration, 200 μJ/pulse, 0.5 mm beam diameter) are
overlapped at the surface of a CaF2 prism onto which a bilayer is deposited. We
have ensured that such input beam energy would not cause any artificial effects
to our experiments. The generated SFG signal is collected by a monochromator
and a photomultiplier tube. By scanning the IR over a certain frequency range,
the allowed vibrational modes at the interface can be obtained. In this paper, we
use two different ways to present SFG signals. The first way is to present SFG
signal intensity as a function of IR wavenumber, the standard method for
displaying a typical SFG spectrum. The second way is to present time-dependent
SFG signal intensity: the SFG intensities at certain wavenumbers (usually at
1655 cm−1 for the amide I peak, at 2070 cm−1 for the deuterated methyl
symmetric stretching, and at 2875 cm−1 for the hydrogenated methyl symmetric
stretching) are monitored as a function of time. Typical time resolution for our
SFG studies is on the order of several seconds. Better time resolution of a
fraction of a second can be achieved, though the signal to noise ratio may suffer.
3.3. Bilayer construction
Bilayers are prepared using the Langmuir–Blodgett method [78,79]. To
eliminate possible substrate–AMP interactions, CaF2 prisms are used as
substrates. CaF2 prisms are cleaned as described in detail in a recent publicationand a very clean substrate is vital to obtain a stable bilayer with good quality
[75]. A clean CaF2 prism is immersed in water with the right-angle face to be
coated perpendicular to the water surface. A suitable amount of lipid chloroform
solution is then spread onto the water surface in a Langmuir trough (KSV2000
System from KSV instruments). After the evaporation of chloroform, the surface
area is then compressed at a rate of 5 mm/min until the surface pressure reaches
34 mN/m. The prism is vertically lifted up at 2 mm/min, while the surface
pressure is maintained at 34 mN/m by a feedback system controlling the trough
surface area. The right angle face with the newly coated lipid monolayer is then
faced parallel to the water surface and lowered until it contacts the lipid
monolayer at the air/water interface (also with a surface pressure of 34 mN/m).
After this fabrication process, the bilayer is kept under water since exposure to
air will destroy the delicate bilayer structure. For SFG experiments, the bilayer is
immersed in a small reservoir filled with 1.8 mL ultrapure water. An appropriate
amount of stock peptide solution is injected into the reservoir and stirred to
achieve the desired solution concentration.4. Results and discussion
In a recent publication we showed how SFG can be
employed to obtain real time structural change in lipid bilayers
when interacting with melittins [75]. We have performed similar
experiments for several other representative peptides. Various
interaction patterns have been observed for different peptides,
showing that SFG indeed can provide valuable information in
distinguishing different AMPs and for studying a variety of
interaction mechanisms characteristic of each individual
peptide. Below we will summarize our results for each peptide
separately, comparing several novel findings such as the
concentration dependence of individual leaflets and real time
kinetics revealed for different AMPs using SFG.
Spectral information attainable from various ranges allows
us to double-check the results obtained from an experiment. For
example, to evaluate the potential contribution of SFG signals
from AMPs' C–H moieties, three different bilayers can be used
—dDPPG/DPPG, DPPG/dDPPG, and dDPPG/dDPPG. While
the first two systems can specifically monitor the proximal and
the distal leaflets (assuming no flip-flop), the third system
enables us to access the C–H signals from the AMPs directly.
We have used this method to evaluate the possible interference
from AMP C–H signals and they are usually much weaker
(except for the synthetic oligomer discussed in 4.6) than signals
from lipids. Therefore we choose to report the results from one
system as they are generally representative.
4.1. Planar substrate supported lipid bilayers
Planar substrate supported lipid bilayers have been widely
used as a model to mimic cell membranes. Their suitability for
biological studies has been extensively tested [78–83]. Many
research groups are also employing different strategies to
improve properties of supported single lipid bilayers [84,85].
Typical SFG spectra of dDPPG/DPPG (dDPPG as the proximal
leaflet and DPPG as the distal leaflet) bilayers on a CaF2 prism
are shown in Fig. 4A and B in the C–D stretching and C–H
stretching region, respectively. Very weak water O–H stretching
signals are observed, in contrast to the spectra shown in Fig. 2
where O–H stretching peaks are the dominant features. We
believe that this is because, first, CaF2 provides a neutral
Fig. 4. Concentration dependence of dDPPG/DPPG bilayer structure perturbation induced by melittin at three solution concentrations in the C–D stretching (A) and
C–H/O–H stretching regions (B). The green spectra are taken before the addition of melittin and are reduced to 1/3 and 1/20 of their original intensity in panels A and
B, respectively for comparison purpose.
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bilayer are aligned by the electric field of the lipid bilayer but
the signals from the aligned water molecules effectively cancel
with each other. The dDPPG/DPPG bilayer spectra can remain
stable over an extended period of time (>12 h), indicating a very
stable bilayer and a negligibly slow flip-flop rate. We believe
the negative charges of DPPG headgroups make the transmem-
brane movement of lipids more energetically costly and
therefore the DPPG bilayers flip-flop at a much slower rate
compared to DPPC bilayers [44]. SFG signals from bilayers can
be greatly affected after interacting with AMPs. Control
experiments in which bovine serum albumin of much higher
concentration is used did not show any change in lipid signals,
indicating that the signal change is specifically caused by AMPs
studied. Bilayer structures can be monitored by detecting SFG
signals from marker groups such as methyl (deuterated or
hydrogenated) in real time during bilayer–AMP interactions.
Methyl symmetric stretching at 2875 cm−1 (hydrogenated) and
2070 cm−1 (deuterated) are monitored as a function of time. As
discussed in several publications, methyl stretching signals can
serve as a very effective indicator of lipid acyl chain ordering
and orientation [38,45].
4.2. Melittin
Melittin is one of the best-studied peptides. Though not an
ideal antimicrobial peptide itself due to its hemolytic
property, melittin along with its analogs has long served as
a model α-helical peptide to study the structure–activity
relationship of AMPs [86,87]. Through the numerous
research efforts attempting to understand melittin's mode of
action on cell membranes, a consensus view is starting to
emerge which attributes the melittin bilayer destabilizing
effect to toroidal pore formation [16,88]. However much
experimental evidence remains unexplained by such a model
[80,89]. We recently carried out some detailed studies on
interactions between melittin and DPPG/DPPG bilayers in an
effort to establish SFG as a valid method for studying
interactions between membrane bilayers and other biomole-
cules [75].Taking advantage of the molecular details that can be
inferred from SFG spectra of bilayers, peptides and
associated water molecules, we have confirmed the toroidal
pore type mode of action for melittin interacting with a
supported dDPPG/DPPG bilayer. We also find that the
melittin-induced bilayer structural change is highly depen-
dent on the melittin solution concentration, which agrees
well with the previously proposed two-state model [15]. In
addition to confirming earlier findings on a molecular level,
we also obtained some novel information regarding
melittin–lipid interactions, especially information regarding
real-time interaction kinetics and melittin orientation during
the interaction.
As shown in Fig. 4, at low solution concentration the distal
leaflet is significantly perturbed (Fig. 4B) while the extent of
perturbation experienced by the proximal leaflet is much less
(Fig. 4A). The 2070 cm−1 peak, which corresponds to the
deuterated methyl group symmetric stretching mode, dominates
the spectra. We have repeated the experiment using lower
melittin solution concentrations (e.g., as low as 0.1 μg/mL).
Similar changes can still be observed though the interaction
proceeds much more slowly, which probably makes it of little
physiological importance since the peptide may be diluted or
metabolized before it causes any real perturbation in vivo. It is
also interesting to note that a shoulder peak at about 2850 cm−1
becomes visible at the lowest concentration shown in Fig. 4B,
indicating that there is disordering in methylene chains of the
distal leaflet induced by melittin. Such a shoulder peak has been
utilized and analyzed extensively in previous SFG studies of
lipids [40,54]. The ratio of the peak intensities of methylene
symmetric stretching and methyl symmetric stretching modes
effectively reflects disordering in the lipid molecule packing—a
disordering in such packing will lead to more gauche
conformation of the methylene chains and larger tilting angle
for terminal methyl groups. However to carry out such detailed
analysis, peak fitting is required. In this article to make a more
focused presentation, instead of fitting such spectra, we will
focus more on the analysis simply using peak intensities. Also
worth mentioning is the 3290 cm−1 peak originating from the
peptide N–H stretching vibrational mode. It is surprising to see
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independent of solution concentration of melittin. Details of
such phenomena are under investigation.
The kinetics of the melittin-induced bilayer perturbation are
monitored by tracking the SFG intensity change of the methyl
symmetric stretching mode of the hydrogenated and deuterated
leaflets simultaneously (Fig. 5). A decrease in the C–H
(2875 cm−1) or C–D (2070 cm−1) stretching signal will indicate
(1) a perturbation in the distal (DPPG) or the proximal (dDPPG)
leaflet, respectively, or (2) transmembrane movement of lipids
that effectively reduces the asymmetry that originally generates
the signal. With the addition of melittin solution that leads to a
subphase melittin solution concentration of 0.44 μg/mL, both
C–D and C–H stretching intensities of the lipid bilayer start to
decrease slowly. With an appropriate stirring speed of the
peptide solution, diffusion of peptides to the surface should
occur on a time scale of a second or less and thus we can ensure
that the observed slow decrease is not controlled by the limited
diffusion process of melittin to the bilayer from the solution.
Similar to the conclusion we have reached based on Fig. 4, the
distal leaflet signal is reduced to a greater extent, and at a faster
rate, indicating that, as the first step of disrupting the bilayer
melittin needs to partition into the vicinity of the bilayer and
then contact the distal leaflet first, which should be driven by
electrostatic interactions. Taken together, these results show that
the carpet mechanism as depicted in the inset of Fig. 1A best
describes the mode of action of melittin on a lipid bilayer at a
melittin solution concentration of 0.44 μg/mL. With an
amphiphilic structure, melittin can interact both with the
headgroups and the hydrophobic tails of lipids. Such an
interaction, even if it only occurs locally around the headgroup
region, is very likely to be translated to the acyl terminal methyl
groups and thus causing a disturbance to the acyl terminal
methyl group of the proximal leaflet.
For higher solution concentrations, very different time-
dependent SFG signal intensity changes are observed. We find
that for a solution concentration around 2.2 μg/mL, flip-flop of
the lipid bilayer during the melittin–bilayer interaction will
occur and it is the dominant factor that causes the SFG signalFig. 5. Real time observation of melittin interacting with a dDPPG/DPPG bilayer
intensities at 2070 cm−1 for proximal methyl C–D symmetric stretching mode and a
solution of appropriate concentration is injected at 200 s to achieve the three solution cdecrease in addition to the bilayer disruption induced by
melittin. As mentioned above, an isotopically symmetric bilayer
will be created by the transmembrane movement of the
hydrogenated and deuterated lipids. Such a melittin-induced
flip-flop has previously been observed by using fluorescently
labeled vesicles. Though it has been shown that the fluorophore
groups may affect the flip-flop rate by an order of magnitude,
we believe the fundamental observation of peptide-induced flip-
flops is further confirmed [42]. According to Elias Fattal's
model and other previous results, the melittin helix may form
multi-mers and form toroidal pores which can greatly accelerate
the flip-flop transmembrane motions by providing an aqueous
pore pathway within the bilayer so that the hydrophilic lipid
head group do not have to travel through the hydrophobic core
[72–74]. We believe SFG offers a more straightforward and
label-free way to monitor the flip-flop rate, which was
previously only accessible mainly by a fluorescence method
that requires bulky labeling such as fluorophores that may
interference with lipid movement.
In addition to the flip-flop, the signal decrease can also in
part be caused by disordering of lipid acyl chains, especially for
the distal leaflet. In the 2.22 μg/mL time dependent spectrum in
Fig. 5, the signal decrease within the initial thirty seconds of
melittin injection can indeed be attributed to the disordering of
the proximal leaflet acyl chain terminal methyl groups. The C–
D signal did not experience any significant decrease until
45 seconds after the onset of C–H signal decrease. This delay
can be well explained by using a two-stage interaction mode of
melittin with bilayers [15]. In the first stage, melittin molecules
adjacent to the bilayer are attracted to the bilayer and embed
themselves in the distal leaflet of the bilayer (inset of Fig. 1A).
Therefore only the distal leaflet is affected. As more melittin
molecules adsorb onto the surface, a critical surface concentra-
tion may be reached and insertion of the melittin helices
commences. Such insertion again can cause a C–D signal
decrease by facilitating the flip-flop between the two leaflets.
This can only be achieved with the toroidal model but not with
the barrel stave model because only the former will allow a
water pore that is accessible to lipid headgroups. Combining theat three solution concentrations. Time dependent spectra monitoring the peak
t 2875 cm−1 for distal methyl C–H symmetric stretching mode. 100 μL melittin
oncentrations specified in the figure. (A) is a blow-up of the initial 1000 s of (B).
Fig. 6. Amide I SFG spectra of melittin (17.8 μg/mL) adsorbed onto a DPPG/
DPPG bilayer at ssp and ppp polarization combinations.
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concentration and toroidal pore model in higher concentration
can describe the melittin mode of action. For concentrations
even higher, a similar interaction mechanism as that for 2.2 μg/
mL still applies, though it takes even less time to observe a
complete loss of signal. A high solution concentration, quite
naturally, should reduce the time required for melittin to reach
the threshold surface concentration [90].
Amide I bands have been the most informative in structure/
conformation determination for FTIR studies of peptides/
proteins [83,91]. The position of the amide I peak center
reveals the secondary structure a peptide adopts. With a peak
center around 1650–1655 cm−1, the membrane associated
conformation of melittin is confirmed to be indeed α-helical.
Based on the symmetry analysis of α-helical symmetry (results
to be published), the ratio of SFG spectral intensity detected
with different polarization combinations can be used to deduce
the orientation of the helical axis relative to the surface normal.
Spectral fitting is required to determine the amplitude for each
mode. Our detailed analysis indicates that the orientation of
melittin in a bilayer at solution concentrations tested cannot be
simply described by a δ-distribution or a single Gaussian
distribution, as have traditionally been used in describing the tilt
angle of helical peptides in a bilayer. Only when we employ two
δ-distributions or two Gaussian distributions can we success-
fully interpret our observed amide I peak intensity ratio detected
in different polarization combinations. This indicates that there
are at least two melittin populations, one parallel to the surface,
interacting mainly with the headgroup region, and the other
nearly parallel to the surface normal, interacting more
extensively with the hydrophobic core of a bilayer. We believe
this actually provides a better approximation to the real situation
since there should always be an equilibrium between the surface
bound and inserted melittin. This may even be true at low
solution concentration at which only individual helices, instead
of aggregated helices, can be inserted into a bilayer. Further
quantitative analysis of such populations of melittin in lipid
bilayers is currently under study.
4.3. Tachyplesin I
Above we summarized the major findings presented in one
of our recent paper and showed abundant information regarding
peptide–bilayer interaction can be acquired in different spectral
regions. We also demonstrated that SFG time-dependent spectra
can be used to offer novel kinetics information for a well-
studied model system. Below we will focus on the characteristic
properties of different peptides and find out whether SFG can
indeed probe and elucidate those unique modes of action for
different peptides effectively.
Tachyplesin I has been widely used as a model AMP that has
a β-sheet structure [92–95]. The antiparallel β-sheet structure is
held rigidly together by two intrastrand disulfide bonds. The
role of the disulfide bonds has been the focus of several research
articles. Decreased antimicrobial activity has been reported
when the four cystines are protected by acetamidomethyl
groups [92], while on the contrary, linear analogs with cystinesmutated to other residues show that the a rigidly held disulfide-
bonded β-sheet structure may not be absolutely required for
antimicrobial activity [95]. Therefore the exact mode of action
for tachyplesin I is still controversial.
We discovered that similar to melittin, tachyplesin I induced
bilayer structural change is also concentration dependent. Our
results indicate that tachyplesin I is very active on the DPPG
bilayer, causing a large decrease to acyl chain terminal methyl
group signal observed by SFG at a peptide solution concentra-
tion of about 5.6 μg/mL for both the proximal and the distal
leaflets, with the resultant SFG spectra similar to those shown in
Fig. 4. In a previous publication, we used dithiothreitol (DTT)
to reduce the disulfide bonds to demonstrate that anti-parallel β-
sheet structures can be observed by SFG [68]. Here we again, as
proof of concept, show that the DTT-treatment indeed reduces
the membrane activity of tachyplesin I.
Shown in Fig. 6 are the time-dependent SFG signals
monitoring the methyl/d-methyl symmetric stretching modes
from the distal and proximal leaflet, respectively. Tachyplesin I
at a solution concentration of 5.6 μg/mL caused a decrease in
signals from both leaflets. However unlike the time delay
between the onset of C–H and C–D signal decrease observed in
Fig. 5, which we attribute to the two-stage interaction model,
the onset of the signal decreases for both leaflets, shown in Fig.
7, are coincident with each other. Though the mechanistic
importance of this observation is not clear to us yet, we do
believe that this indicates that there are possibly different
interaction patterns between different AMPs. It is possible that
different steps in the two-stage model may be the rate
determining step for different AMPs. In the case of Tachyplesin
I, probably the insertion can occur more readily and therefore
before much perturbation takes place for the distal leaflet. Such
novel real-time monitoring on a molecular level may reveal
many other unprecedented rich and intricate details for
researchers in the AMP field.
Preparing a tachyplesin I solution in DTT solution of
overwhelming molar ratio can reduce the two disulfide bonds in
Fig. 8. Amide I SFG spectrum of tachyplesin I (5.6 μg/mL) adsorbed onto a
DPPG/DPPG bilayer at ssp polarization combination.
Fig. 7. Tachyplesin I induced dDPPG/DPPG bilayer structural perturbation is
modulated by the disulfide linkage. Peak intensities at 2070 cm−1 for proximal
methyl C–D symmetric stretching mode and at 2875 cm−1 for distal methyl C–H
symmetric stretching mode are monitored simultaneously. Tachyplesin I stock
solution is injected at 200 s and the resultant solution concentration is 5.6 μg/
mL. Time dependent spectra for bilayer interacting with tachyplesin I alone and
DTT-treated tachyplesin I are in blue and red, respectively. DTT treatment is
carried out at 10 mg/mL for DTT and 0.1 mg/mL for tachyplesin (DTT in about
1500-fold molar excess compared to tachyplesin I), for 30 min prior to injection.
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β-strand rigidly together. Addition of such DTT-treated
tachyplesin I instead of the wild type to the subphase of a
dDPPG/DPPG bilayer leads to a very different interaction
pattern as shown in Fig. 7. The DTT-treated Tachyplesin I
induces a decrease in C–D/C–H stretching mode similar to that
observed for 0.44 μg/mL melittin. Both leaflets are perturbed by
tachyplesin I, and the distal leaflet again undergoes a slightly
larger structural change. A similar trend is also observed for
DTT-treated Tachyplesin I at 22 μg/mL.
Another surprising finding in Fig. 7 is that the DTT-treated
tachyplesin I is actually more potent in causing the signal
intensity decrease during the initial period of interaction. This
is also observed in experiments using the 22 μg/mL solution
concentration. Apparently without the two disulfide bonds to
hold the rigid β-sheet structure together, tachyplesin I can still
cause significant perturbation of the bilayer structure, even at
a higher initial rate. But at the solution concentrations tested
here, there is a fundamental difference in its ability to induce
a more thorough destabilizing effect, and this may be the
critical factor in killing microbes. Our additional experiments
indicate that DTT does not affect other α-helical peptides in
their interactions with bilayers and thus should only be
effecting its modulation through disulfide bonds. From these
observations, we believe that without the disulfide bonds,
tachyplesin I can still interact with the bilayer. However the
disulfide bonds are required in fully realizing the antimicro-
bial potency for tachyplesin I at the solution concentrations
tested.
SFG Amide I bands of tachyplesin I are representative of
antiparallel β-sheet structure, with a dominant band around
1685 cm−1 (Fig. 8). Some difference in spectral features
compared to the spectra in our previous publication indicate that
tachyplesin I adopts a different conformation at the bilayer
interface compared to that adsorbed onto a polystyrene surface[68]. We are surprised to observe that the addition of DTT to the
solution causes no change to the spectrum for tachyplesin I
already adsorbed onto a bilayer, in contrast to our previous
observation that addition of DTT could lead to the disappear-
ance of the 1685 cm−1 peak (from the B1/B3 mode of
antiparallel β-sheet) of tachyplesin I adsorbed onto a polysty-
rene surface. It appears that the membrane, in contrast to the
polystyrene surface used previously, offers protection to the β-
sheet structure, either by shielding the interfacial tachyplesin I
from the reducing agent or by inducing the β-sheet structure
even without the presence of the disulfide bonds. The lipid ester
C_O stretching can also be observed around 1730 cm−1,
though its weak signal intensity and the skewed peak profile
caused by interference with the nonresonant background
hampers detailed analysis at the current stage. Details regarding
the tachyplesin I β-sheet orientation on a bilayer is under
current investigation.
4.4. Magainin 2
Magainin is another widely studied peptide with a random
structure in solution. A wide variety of magainin analogs with
modified structures and membrane activities are being tested for
pharmaceutical purposes [96–98]. Similar to many other helical
membrane peptides, magainin is thought to convert from a
random solution structure to an α-helical structure in its
membrane-bound form. Results from different biophysical
techniques have led to a few different proposed modes of
action to account for magainin 2's antimicrobial properties.
[73,87,99–104].
As shown in Fig. 9, D-magainin 2's membrane activity
appears to be lower than that of melittin and tachyplesin I. At a
solution concentration of 22.2 μg/mL, the perturbation induced
in a dDPPG/DPPG bilayer is still less than that inflicted by a
melittin solution with a concentration 50 times lower. As
discussed in a recent publication, isotopically symmetric
bilayers can also provide valuable insight into the AMP
induced bilayer structural change [75]. The rationale behind
Fig. 9. D-magainin 2 induced bilayer response at 22.2 μg/mL compared to that
induced by melittin at 0.44 μg/mL. Peak intensities at 2070 cm−1 for proximal
methyl C–D symmetric stretching mode and at 2875 cm−1 for distal methyl C–H
symmetric stretching mode are monitored simultaneously. Peptide solution is
injected at 200 s.
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both leaflets simultaneously, flip-flop may cause similar signal
decrease that can obscure the true course for the signal change.
In contrast, dDPPG/dDPPG bilayers, though generating almost
no bilayer signals initially, allow us to probe the asymmetry
created by the perturbation of AMPs, and this is not affected by
flip-flop. We carried out similar experiments with D-magainin 2
at 22.2 μg/mL and the results are shown in Fig. 10. Using the
above mentioned rationale, we can see that D-magainin 2
induces asymmetry in the dDPPG/dDPPG bilayer gradually
after being injected to the subphase at the concentration tested
here. Magainin 2 generates very strong SFG amide I bands that
can be used to directly monitor the adsorption of peptides,
instead of inferring the peptide adsorption indirectly from the
response of bilayer signal intensity alteration. It is interesting to
see that the intensity of the amide I peak from magainin 2
reaches its maximum within 20 s of the injection of peptide andFig. 10. Sequence of events can be probed by time dependent SFG spectra. Peak
intensities at 1655 cm− 1 from magainin 2 amide I bands and at 2070 cm− 1 from
deuterated methyl C–D symmetric stretching mode are monitored. A dDPPG/
dDPPG bilayer is used and the solution concentration of magainin 2 is 22.2 μg/
mL. Peptide solution is injected at 200 s.then starts to decrease. Since SFG intensity, unlike linear
spectroscopy, is a convoluted result of both the abundance of the
functional groups and their orientation, this likely indicates that
the adsorption of magainin 2 occurs very rapidly and it reaches
an equilibrated state in terms of adsorption amount quickly but
then undergoes some conformational or orientational change
that causes the amide I signal to slowly decrease. We are
currently studying this very interesting kinetic phenomenon.
The fast partitioning of positively charged AMPs can also be
followed by monitoring the O–H stretching mode, which is a
very sensitive probe for the interfacial electric field. An almost
instantaneous drop in O–H signal intensity with the addition of
several AMPs (results not shown here) further confirms the fast
rate of partitioning of peptides to the periphery of the bilayer.
Compared to the partitioning (within seconds), the structural
change of the bilayer occurs on a longer time scale (minutes) at
the solution concentration tested, which covers the likely
physiologically relevant concentration. A higher solution
concentration could lead to a faster bilayer response [105,106].
Amide I bands of interfacial magainin 2 are dominated by a
peak centered between 1655–1660 cm−1, representative of an
α-helical structure (Fig. 11). The peak center is slightly blue-
shifted compared to that of melittin. The peak intensity ratio of
ppp and ssp is smaller than that observed for melittin. However
detailed calculation needs to be finished before we can obtain
further orientation information.
4.5. MSI-843
Antimicrobial peptides encompass a large variety of
structural motifs. Lipopeptides represent a novel class of
antimicrobial agent that is attracting researchers' attention
[107–109]. MSI-843 is a novel lipopeptide with a nonstandard
amino acid, ornithine. Its sequence (Oct-OOLLOOLOOL-NH2)
is designed to minimize its lytic property for pharmaceutical
applications. A previous study employing a variety of
biophysical techniques including NMR, differential scanning
calorimetry, isothermal titration calorimetry, and circularFig. 11. Amide I SFG spectra of D-magainin 2 (22.2 μg/mL) adsorbed onto a
DPPG/DPPG bilayer at ssp and ppp polarization combinations.
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activity by forming a lipid–peptide complex in which transient
pores can serve as plausible mechanism for the membrane
permeabilization and destabilization [110].
Ornithine, as arginine and lysine, carries one positive charge
at neutral pH and therefore MSI-843, as shown in the wheel
diagram in Fig. 12A, is also an amphiphilic molecule with a
very high percentage of positively-charged residues. The ten-
amino acid residue peptide is also much shorter, only about half
of the length compared to typical AMPs. Consequently the
peptide domain of this lipopeptide will only reach through half
way across a membrane bilayer as an α-helix. Not surprisingly,
this novel lypopeptides' mode of action observed with SFG is
quite different from that for longer AMPs as it interacts with a
dDPPG/DPPG bilayer. Fig. 12B shows that the proximal
dDPPG remains unperturbed for both concentrations tested,
while only the distal DPPG leaflet is affected.
The time-dependent SFG signals in Fig. 12 also show that
even when the solution concentration differs by 100-fold, the
extent to which the distal leaflet is affected is similar and the
proximal leaflet is almost completely ‘shielded' from any
disturbance induced by MSI-843. This is likely due to the
special structure of MSI-843. The high charge density of the
peptide should lead to a very tight association of the positive
side of the peptide with the bilayer headgroup region. Therefore
the peptide may not have a chance to penetrate deeply enough to
interact with the proximal leaflet. The hydrophobic octanoic
acyl chain in the N-terminus is expected to penetrate into the
bilayer hydrophobic core. However this relatively long acyl
chain (compared to the short hydrophobic amino acid side
chains) may just form a part of the hydrophobic core, without
any branching to cause disordering. We also wish to point out
that the discussion above does not really prove that MSI-843
cannot serve as a good antimicrobial agent and on the contrary
activity assays have already shown otherwise [110]. SFG only
provides structural information while the real activity of a
successful antimicrobial drug is determined by many factors
such as the modulation of membrane mechanical properties.
[111]. The curvature, thickness, fluidity change, and other
bilayer properties, which cannot be easily probed using SFG,
can be severely affected and this may be the leading cause forFig. 12. (A) Helical wheel diagram of MSI-843 Reprinted from Ref. [110]. Copyrig
leaflet of a dDPPG/DPPG bilayer for the two solution concentrations tested. Peak inte
2875 cm−1 for distal methyl C–H symmetric stretching mode are monitored simultaMSI-843 antimicrobial activity. The rapidity of the distal leaflet
signal decrease (on the order of seconds) may indeed point to
MSI-843's potency.
We want to point out that our results are not contradictory to
the NMR results since in NMR, multi-bilayers are stacked upon
each other and the peptides can have access to either side of a
bilayer. This example illustrates another advantage of SFG to
obtain very biologically relevant information, since in most
cases where antimicrobial peptides are administered, only the
extracellular side of the target microbes' membrane will be
accessible to the drugs. A supported bilayer can provide very
similar “accessibility”. Additionally, bilayers with asymmetric
lipid compositions in two leaflets can be more conveniently
probed with SFG by using supported bilayers constructed using
the Langmuir–Blodgett method.
4.6. Synthetic oligomer
In addition to traditional antimicrobial peptides, synthetic
oligomers are also being synthesized and tested for their
antibiotic and antimicrobial properties [112–115]. Many of
them are designed based on the structural motifs found in
AMPs, especially the amphiphilicity and charge distribution
commonly found in AMPs. If such synthetic oligomers can
eventually capture the structural essence of AMPs and realize
their antimicrobial functions in a simpler form, they may
provide a very promising and practical solution to infectious
diseases due to lower cost of mass production of such
molecules. In a recent publication from our group, we also
investigated the interactions between one such synthetic
oligomer and a DPPG bilayer [116].
In that research, a smaller synthetic compound, from the Tew
group at University of Massachusetts, is rationally designed
based on the amphiphilic motif of antimicrobial peptides. Its
interactions with DPPG/dDPPG bilayers were investigated and
it was observed that the distal leaflets could be disrupted at a very
low oligomer concentration while the proximal leaflets remain
intact below a threshold concentration, which is very close to the
experimental MIC value. This can be interpreted using the
carpet-like model. Peptides/antibiotics first adsorb onto the
surface of a bilayer and anchor themselves with the hydrophobicht 2005 Elsevier B.V. (B) MSI-843 induces structural change only in the outer
nsities at 2070 cm−1 for proximal methyl C–D symmetric stretching mode and at
neously. Peptide solution is injected at 200 s.
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depth is shallow and only the outer leaflet is affected. When the
bulk concentration reaches a certain threshold, the proximal
leaflet will also be affected. This simple compound is a planar
molecular and SFG results show that it is inserted into a lipid
bilayer with its molecular plane perpendicular to the bilayer, like
a molecular knife. Despite its small size, it can disrupt the
proximal leaflet effectively in terms of the weight concentration.
4.7. Gramicidin
Using the same model lipid bilayer system and the above
strategies, we have also attempted to study the effects of other
well-studied antimicrobial peptides. Gramicidin is a very
special case in antimicrobial peptides. All the amino acid
residues in gramicidin are hydrophobic and it functions as a
membrane channel in either a head-to-head helical dimer form
or a double helix dimer form [117,118]. Due to its complete
insolubility in water, we reconstituted gramicidin by a special
method. The proximal leaflet of bilayer is prepared as before
while the second leaflet is prepared by spreading a 6:4 (weight)
DPPG/gramicidin chloroform solution onto a Langmuir trough.
Our results show that gramicidin, except for causing a distal
leaflet DPPG spectral intensity decrease by lowering the
number density of DPPG, induces no other change in a bilayer.
No amide I signals could be detected. This may be because the
helical dimmer is SFG-forbidden or because gramicidin forms a
random structure with the preparation employed. Further
investigation is needed.
4.8. Discussion
Above we summarized our recent results in using SFG to
study interactions between a single supported bilayer and
several model peptides and a synthetic molecule. As a new
analytical technique, SFG can provide some novel information
regarding such interactions.
The first question we wish to ask is whether these results
correspond to the available results obtained by bioanalytical
assays. There are many ways to test the potency of an AMP
including dye-release test, fluorescence quenching assays, and
bacteria (or other microbes) growth inhibition assays. As
previously pointed out, the antimicrobial efficiency of an AMP
is a cumulative result of numerous factors involving the
peptides, the target species, the match-up of these two, and the
experimental conditions. Consequently the relationship be-
tween our SFG results and various assay results may not be
straightforward. However we do find that there is a general
agreement between our results and those already reported. For
instance, in order to compare the relative potency of a group of
membrane-active agents, we can use the same concentration
(either molar or weight) of each AMP and test their influence on
the bilayer structure using the time-dependent SFG signal or just
by comparing the SFG spectra after a specific culturing time.
Alternatively we can specify a certain ‘targeted disruption
spectrum” and study how much each AMP is required to
achieve it. Using either way, we find that the efficiency of theantimicrobial agents tested in this paper ranks the following
way: the synthetic oligomer>melittin> tachyplesin I>D magai-
nin 2 (MSI-843, and gramicidin are not included due to possibly
different modes of action). This trend agrees very well with
published results [101,114].
The second question we are curious about is whether the
abundant real-time kinetic information has any physical
meaning that can provide some insights into the molecular
interactions between the peptides and the bilayers, and whether
this can be further exploited to guide the rational design of
AMPs. We believe that it is one of the most valuable advantages
of SFG, as a surface sensitive technique, to be capable of
providing real time in situ information so that very biologically
relevant model systems can be explored. Few previous
techniques can achieve this while providing relevant molecular
insight. There are several interesting findings in the interaction
kinetics revealed by SFG. For melittin, an interaction
representative of the two-stage model is observed. A higher
solution concentration of melittin will lead to the threshold
surface concentration for insertion in a shorter time period. At a
very low solution concentration, this surface concentration
probably cannot be reached in a physiologically meaningful
time period (before the peptide becomes diluted or metabolized,
etc). Furthermore, the individual leaflets of a bilayer experience
disturbance at a different rate, which may impact the mechanical
properties of a bilayer. Tachypelsin I induces very different
interaction kinetics to the same bilayer system. At the
concentrations tested, both leaflets experience a disturbance at
an almost equal rate. The reduced tachyplesin I without the two
disulfide bonds causes yet another interaction pattern. It appears
that the DTT-treated tachyplesin I can effectuate a structural
perturbation more rapidly, probably by adsorbing more
efficiently. However, the perturbation created is less severe
compared to that effectuated by the nontreated tachyplesin I. A
simple theoretical model is being developed to fit these time-
dependent spectra in order to extract several interactions
parameters from them quantitatively.
5. Summary
This paper reviews the recent progress in the application of
SFG to the investigation of membrane bilayer interactions with
antimicrobial peptides. As with many other fields in molecular
biology, a new technique often brings with it its own advantages
and drawbacks. Above, we have shown that SFG can offer
unprecedented sensitivity that allows the study of a well-defined
single bilayer model environment. The vibrational spectroscop-
ic nature of this technique enables us to study various functional
groups in peptides and bilayers simultaneously without any
exogenous labeling, and to monitor the interactions between
bilayers and AMPs in real-time and in situ. The new
information obtained from SFG studies can be very valuable
and complementary to the knowledge we currently have about
AMPs because it closely associates the biochemical functions
and properties of AMPs (MIC, membrane activity) to the
dynamic structural changes involved during the interaction
process.
1270 X. Chen, Z. Chen / Biochimica et Biophysica Acta 1758 (2006) 1257–1273However, we also want to point out a few drawbacks
inherent in vibrational spectroscopy, especially SFG, in the
study of AMPs. First the use of supported bilayers itself may
pose some restrictions to the model due to the possible substrate
influence on bilayer properties. Even though most AMPs are
peptides of relatively small size, future studies involving
proteins with large cytoplasmic/extracellular domains may be
hindered by this restriction. Fortunately, many groups have been
working on the development of polymer-cushioned supported
bilayers and this can greatly alleviate, if not completely
eliminate, the substrate influence on supported bilayers
[84,85]. In addition, free-standing lipid bilayers [119] can also
be considered for use in SFG studies, especially after the
advance of SFG microscopy in the future.
In addition, we want to mention that although we present
SFG spectra in this paper in a qualitative manner, SFG, with its
sensitivity, certainly can be developed into a quantitative tool in
assessing the efficiency of AMPs. By calibrating the SFG signal
intensity (e.g., from methyl terminal groups) with other well-
established antimicrobial assay results, it is not difficult to
imagine that SFG might be used as a very efficient method for
the screening of potency of AMPs or other chemical entities—
only an SFG spectrometer and solid-supported bilayer samples,
which can be easily prepared for labs equipped with a Langmuir
trough, would be required. However the development of SFG
for bioanalytical purposes is still at a relatively early stage and
such calibration work is still underway. Future work will also
include the study of the lipid composition (neutral lipids, mixed
lipids with composition mimicking different bacterial mem-
branes or mammalian cell membranes) effects, solution
environments and temperature effects on the AMPs' potency.
The recoverability of AMP induced bilayer structural changes is
also under investigation. Granted that these results may or may
not be directly and readily transferable to the evaluation of AMP
activity, the molecular structural understanding that can be
gathered from them is still of vital importance and can be
employed to infer the contribution of membrane disruption/
pore-formation to the overall peptides' performance as an AMP.
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